The Brayton cycle's heat source can be obtained from solar energy instead of the combustion of fuel. The irreversibilities of the open and direct solar thermal Brayton cycle with recuperator are mainly due to heat transfer across a finite temperature difference and fluid friction, which limit the net power output of such a system. In this work, the method of total entropy generation minimisation is applied to optimise the geometries of the receiver and recuperator at various steady-state weather conditions. For each steady-state weather condition, the optimum turbine operating point is also found. The authors specifically investigate the effect of wind and solar irradiance on the maximum net power output of the system. The effects of other conditions and constraints, on the maximum net power output, are also investigated. These include concentrator error, concentrator reflectivity and maximum allowable surface temperature of the receiver. Results show how changed solar beam irradiance and wind speed affect the system net power output and optimum operating point of the micro-turbine. A dish concentrator with fixed focal length, an off-the-shelf micro-turbine and a modified cavity receiver is considered.
Introduction
The solar thermal Brayton cycle uses the concentrated power of the sun as a heat source to generate mechanical power. Low operation and maintenance costs make the small-scale open and direct solar thermal Brayton cycle with recuperator attractive for power generation. The recuperator can increase the efficiency of the Brayton cycle and it allows the compressor to operate at lower pressure ratios. The Brayton cycle is definitely worth studying when comparing its efficiency [1] and cost [2] with those of other power cycles. A black solar receiver, mounted at the focus of a parabolic dish concentrator can be sized such that it absorbs the maximum amount of heat [3] . Sendhil Kumar and Reddy [4] compared different types of cavity receivers numerically and suggested that the modified cavity receiver may be preferred in a solar dish collector system. The total heat loss rate from the modified cavity receiver due to convection, radiation and conduction, is a function of the receiver geometry [5] . A numerical investigation of natural convection heat loss [6] , an inclusion of the contribution of radiation losses [7] and an improved model for natural convection heat loss [8] was presented for the modified cavity receiver.
The irreversibilities of a small-scale solar thermal Brayton cycle with recuperator limit the net power output of such a system. These irreversibilities are mainly due to heat transfer across a finite temperature difference and fluid friction. To obtain the maximum net power output of a solar thermal Brayton cycle, a combined effort of heat transfer, fluid mechanics and thermodynamic thought is necessary. The method of total entropy generation minimisation combines these thoughts [9] .
Optimisation using the second law of thermodynamics is commonly found in recent work. A second law analysis to study the effect of operating parameters on the optimum pressure ratio and component irreversibilities of the supercritical CO 2 recompression Brayton cycle [10] , as well as an optimisation [11] have been performed. The optimal performance parameters for the maximum exergy delivery during the collection of solar energy in a flat-plate solar air heater were established by optimising the geometries of the plate [12] . Exergy analysis has also been applied in various power studies [13] .
Various authors have emphasised the importance of the optimisation of the global performance of a system, by minimising the total irreversibility rate from all the different components or processes of such a system by sizing the components accordingly [14] [15] [16] [17] [18] [19] . In recent work, a geometry optimisation method based on total entropy generation minimisation was developed and was applied to establish the maximum net power output of a smallscale open and direct solar thermal Brayton cycle with cavity receiver and recuperator at any steady-state condition and various micro-turbine operating points [20] . This was done for various concentrator diameters and micro-turbines. This method allows for the global performance of the system to be optimised, by minimising the total irreversibility rate by sizing the receiver and recuperator accordingly. This optimisation was done for multiple steady-state systems with no wind and a constant solar irradiance of 1 000 W/m 2 .
The effects of wind, receiver inclination, rim angle, atmospheric temperature and pressure, recuperator height, solar irradiance and concentration ratio on the optimum geometries and performance of the open and direct solar thermal Brayton cycle were also investigated [21] . For a specific weather condition, the geometries, operating conditions and irreversibilities of the optimised system were shown as a function of system mass flow rate. It was shown that for each specific environment and set of parameters an optimum receiver and recuperator geometry and system mass flow rate exist so that the system produces maximum net power output.
In this paper, the authors further investigate the effects that changed wind and solar irradiance have on the optimum turbine operating point of the micro-turbine. Other effects are also investigated, such as specular reflectivity and concentrator error.
Model
A micro-turbine from the Garrett range [22] and D conc = 5.2 m is used in the analysis. The open and direct solar thermal Brayton cycle with recuperator is shown in Fig. 1 . A parabolic dish supplies the solar heat for the cavity receiver.
The control volume
The rate of intercepted heat by the cavity receiver, * Q & , is a function of the cavity receiver geometry. For the analysis in this work, the apparent sun's temperature as an exergy source, T*, is assumed to be 2 470 K [9] and at a point between the concentrator and receiver. * Q & can be regarded as the intercepted power at the receiver, after the irreversibility rates due to scattering and the transformation of radiation have been deducted. net W & is the net power output of the system.
Solar receiver model
A section view of the modified cavity receiver suggested by Reddy and Sendhil Kumar [8] is shown in Fig. 2 . The receiver inner surface is made up of a closely wound copper tube with diameter, D rec , through which the working fluid travels. The receiver tube with length, L rec , constructs the half spherical cavity receiver and its aperture. Note that the tube is concentrically wound. An area ratio of A w / A a = 8 is recommended [8] as it was found to be the ratio that gives the minimum heat loss rate from the cavity receiver. The diameter of the receiver can be calculated [20] [21] as
Due to the area ratio constraint, the receiver diameter is a function of the receiver aperture diameter,
The receiver aperture diameter can be calculated using Eq. (3) For A w / A a = 8, the ratio of radiation heat loss to convection heat loss is a function of receiver inclination and varies between approximately 0.92 and 1.46 [7] . It is assumed that 
With an assumed insulation thickness of D/2, the rate of heat loss due to conduction [5] 
where h conv is the external heat transfer coefficient on the insulation surface.
The heat loss rate from the lower part of the receiver tube which is not insulated, due to the external forced convection of wind [5] 
Determination of net absorbed heat rate
At the focal point of a solar concentrator, the reflected rays do not form a point but an image of finite size centred about the focal point. This is due to the sun's rays not being truly parallel and due to concentrator errors. The larger the receiver aperture diameter, the larger the rate of heat intercepted by the receiver, * Q & . Also, the larger the aperture diameter, the larger the heat loss rate, loss
the intercepted heat rate minus the total heat loss rate. The sizing algorithm of Stine and Harrigan [3] is applied to determine the net absorbed heat rate, net Q & , as a function of the receiver aperture diameter. The sizing algorithm considers the concentrator area, rim angle, specular reflectance, inclination, solar beam irradiance, parabolic concentrator error, wind and heat loss rate. The shadow of the receiver and its insulation is also accounted for when calculating the intercepted heat rate. The net absorbed heat rate as a function of receiver aperture diameter, from the sizing algorithm, can be numerically approximated with Eq. (9) using the discrete least squares approximation method [23] , where y i is a set of constants used to describe the function.
In this work it is assumed that the concentrator rim angle and receiver inclination are both 45°. A change in concentrator rim angle and receiver inclination, do not affect the net power output of the system much [21] . Note that when the receiver aperture lies in the horizontal plane, the receiver inclination is 90°.
Recuperator model
A counterflow plate-type recuperator is used as shown in Fig. 3 . The channels with hydraulic diameter, D h,reg , length, L reg , and aspect ratio, a/b reg are shown. In this work the recuperator height, H, is chosen as 1 m. The effect of changing the recuperator height is shown in [21] . The number of flow channels in the recuperator, n, depends on the recuperator height, H, channel height, b, and thickness of the channel separating surface, t, and can be written as a function of the channel aspect ratio,
Eq. (11) gives the mass flow rate per channel.
The surface area, A s,reg , for a channel as a function of the channel aspect ratio is ( )
The thickness of the material between the hot and cold stream, t, is 1 mm. The Reynolds number for a flow channel is
Using the definition of the hydraulic diameter and Eq. (14), the Reynolds number can be calculated with ( ) Heat exchanger irreversibilities can be reduced by slowing down the movement of fluid through a heat exchanger [9] . Small Reynolds numbers can thus be expected for the optimised recuperator channels and the Gnielinski equation [24] can be used to determine the Nusselt number, (16) With the use of the friction factor, Reynolds number and the definition of the pressure drop [26] , the pressure drop through the recuperator can be written in terms of the geometric variables as The recuperator efficiency ( reg η ) is calculated using the ε-NTU method with the fouling factor for air chosen as 0.004.
Compressor and turbine properties
A standard off-the-shelf micro-turbine from Honeywell [22] is considered. Note that in this work, the geometry of the micro-turbine is fixed and is not optimised. When considering geometric optimisation of components, in a system using a turbo-machine, the compressor or turbine pressure ratio can be chosen as a parameter [27] [28] [29] . In this work, the turbine operating point (turbine corrected mass flow rate and turbine pressure ratio) is chosen. The turbine corrected mass flow rate and turbine pressure ratio can be modelled with the use of the turbine map, when considering experimental results for turbines and their mass flow rates [30] . Note that the turbine corrected mass flow rate is a function of the turbine pressure ratio. A turbine isentropic efficiency of 0.8 is assumed since it is a function of the load [31] and the load is not known. The turbine operating point is thus used as parameter in the objective function so that the maximum of the objective function can be found at different parameter values.
The compressor isentropic efficiency, compressor corrected mass flow rate, compressor pressure ratio and rotational speed are intrinsically coupled to each other and are available from the compressor map [22] . The compressor isentropic efficiency is obtained with interpolation. The compressor should operate within its compressor map range, otherwise flow surge or choking can occur.
The objective function
The objective function is the function which is maximised by the optimisation of variables. The net power output of the system is hence written in terms of the total entropy generation rate in the system. The optimisation of the geometry variables is done over a range of turbine operating points.
Temperatures and pressures in terms of geometry variables
The temperatures and pressures of each point in Fig. 1 can be written in terms of the geometry variables. Note that T 1 = 300 K , P 1 = P 10 = P 11 = 86 kPa (see Fig. 1 ) and the temperatures and pressures in all the ducts are calculated with a small assumed temperature loss or pressure drop. The remaining temperatures and pressures are calculated with iteration as shown in Fig. 4 . After choosing the turbine operating point, T 7 is guessed for the first iteration. For the second iteration, the system mass flow rate is guessed, where after dP [9] [10] , P 9 , P 8 and P 7 are calculated so that the mass flow rate can be calculated using Eq. (18) (18) where P 7 is in psi and T 7 in degrees Fahrenheit respectively [22] .
The corrected compressor mass flow rate can then be calculated with Eq. (19) since the mass flow rate through the compressor is equal to the mass flow rate through the turbine. Note that P 1 and T 1 are in psi and degrees Fahrenheit respectively [22] .
( )
For the third iteration, the compressor pressure ratio is guessed so that dP [3] [4] , P 6 , P 5 , P 4 , P 3 and P 2 can be calculated. This allows for the compressor pressure ratio to be obtained with iteration.
The temperatures are found using the isentropic efficiencies and recuperator efficiency. T 6 is calculated as shown in Eq. (20) so that T 7 can be found with iteration.
Construction of the objective function
For maximum net power output the total entropy generation rate is a minimum. The finite heat transfers and pressure drops in the compressor, turbine, recuperator, receiver and ducts are identified as entropy generation mechanisms. When doing an exergy analysis for the system and assuming V 1 = V 11 and Z 1 = Z 11 ( Fig. 1) , the objective function is assembled as shown in Eq. (21) . The function to be maximised (the objective function), is 
Constraints
The recuperator channel aspect ratio is constrained to a maximum of 100. The ratio between concentrator area and receiver aperture area is constrained to 100. Eq. (24) prevents the receiver from losing its cavity shape, by only allowing a minimum of two diameters in the distance between the aperture edge and the edge of the receiver.
The cavity receiver tube is constructed from copper. The maximum surface temperature of the receiver tube should stay well below its melting temperature. An allowable maximum receiver surface temperature of T s,max is identified for the analysis [22, 32] . The surface area of a tube and the Dittus-Boelter equation [33] help to construct Eq. (25), which is the maximum surface temperature of the receiver. The longer the recuperator the more beneficial it is to the system. There needs to be a constraint on its length. To make sure the system stays compact, the recuperator's length should not exceed the length of the radius of the dish,
Research methodology
There are five geometric variables to be optimised: The cavity receiver tube diameter, D rec , the tube length of the cavity receiver, L rec , the hydraulic diameter of the recuperator channels, D h,reg , the length of the recuperator channels, L reg , and aspect ratio of the recuperator channels, a/b reg . The objective function (net power output of the system) in terms of the scaled geometry variables, parameters and constants is maximised using the dynamic trajectory optimisation method by Snyman [34] in MATLAB, with unit step size and convergence tolerance of 1 x 10 -4 . Data points were created at different turbine operating points of the micro-turbine in increments of 0.0625 (for the turbine pressure ratio). Each data point represents an optimised system -a system with maximum net power output and optimised receiver and recuperator geometries.
In Table 1 different conditions and parameters are given. The effect on the system, when each of these conditions or parameters is changed individually, is investigated. The values used as default and values used for inspection are given. When one of the conditions or parameters is inspected, the others are fixed to their default values. 
Results
Fig . 5 shows the maximum net power output of the system using default values (Table 1) as a function of system mass flow rate. Note that these data points were found by maximising the objective function at different parameter values (turbine pressure ratio in increments of 0.0625). Each data point represents a system with optimised receiver and recuperator and therefor also, the maximum net power output. The minimum internal and external irreversibility rates are also included in Fig. 5 . The external irreversibility rate is calculated using Eq. (27) . (27) Note that in Fig. 5 , a point of highest maximum net power output exists. This is the optimum operating point of the micro-turbine (in terms of system mass flow rate) for the default values in Table 1 . This point of highest maximum net power output corresponds to the point of lowest total minimum irreversibility rate. The maximum net heat rate absorbed by the receiver is also shown.
In Fig. 6 the net power output as calculated in this paper (second law) is compared with the net power output as calculated with the first law of thermodynamics as shown in Eq. (28) . These results correlate well.
In Fig. 7 the maximum net power output as shown in Fig. 5 is compared with conditions and parameters other than the default. One can see the effect of various conditions and parameters as they were changed individually to their inspected value as shown in Table 1 . Note that the other conditions and parameters stayed default while an individual condition or parameter was investigated. Fig. 7 shows that a smaller allowable receiver surface temperature results in a smaller maximum net power output. Also, a decrease in surrounding temperature increases the maximum net power output. This result confirms that a decrease in the lowest temperature in the cycle and an increase in the highest temperature in the cycle, increase the maximum net power output. This result was also found for the supercritical CO 2 recompression Brayton cycle [10] . Fig. 7 further shows that increased wind speed, increased concentrator error and decreased solar beam irradiance, decrease the highest maximum net power output. Note that for each of these conditions also, the optimum operating point of the micro-turbine (in terms of system mass flow rate) is lower than it is for the default. Similarly, as the specular reflectance of the concentrator dish increases, the optimum operating point (in terms of system mass flow rate) and highest maximum net power output increases. The effects of wind and solar beam irradiance are investigated further. In Table 2 , the optimum operating point of the micro-turbine and optimum receiver and recuperator geometries, for different solar beam irradiance cases are shown. Note that the data obtained for the highest maximum net power output as shown in Fig. 5 , is also shown in bold in Table 2 and Table 3 . In Table 3 , the optimum operating conditions are shown. The optimum compressor pressure ratio increases as the solar beam irradiance increases. This is also shown in Fig. 8 as a function of system mass flow rate. The highest maximum net power output and optimum system mass flow rate decrease almost linearly.
In Table 4 , the optimum operating point of the micro-turbine and optimum receiver and recuperator geometries, for different wind speed scenarios are shown. Note that the data obtained for the highest maximum net power output as shown in Fig. 5 , is also shown in bold in Table 4 and Table 5 . In Table 5 , the optimum operating conditions are shown. Note how the net power output decreases as the wind speed increases. From Table 2 and Table 4 it is shown that the length of the recuperator is always at its maximum when the system operates at its highest maximum net power output. Table 2 ), are shown. Figure 11 shows that the optimum turbine operating point (system mass flow rate) can be altered so that the system with fixed geometries can perform well. This was done by applying the method of total entropy generation minimisation to determine these optimum system mass flow rates. Figure 11 thus shows the practical application of this technique and shows that the operating point of the micro-turbine plays an important role in obtaining the best power output for the system when operating in an environment with changing weather. 
Conclusion
The open and direct solar thermal Brayton cycle with a solar dish diameter of 5.2 m and an off-the-shelf microturbine, should be able to operate optimally in various solar beam irradiance and wind speed scenarios. The method of total entropy generation minimisation was applied to optimise the geometries of a modified cavity receiver and a counterflow plate-type recuperator, at various turbine operating points. This optimisation was done for various solar beam irradiance and wind scenarios. The dynamic trajectory optimisation method for constrained optimisation was used.
Results show that the operating point of the micro-turbine plays an important role in obtaining the best power output for the system when operating in an environment with changing weather. When the solar beam irradiance increases, the turbine pressure ratio increases. The results show the optimum geometries of the receiver and recuperator as a function of the solar beam irriadiance and wind speed. These results can aid in receiver and recuperator design. For a system with a fixed receiver and recuperator geometry, the mass flow rate through the system (turbine operating point) should increase as the solar beam irradiance increases, to allow for the highest net power output.
Results showed that the optimum operating point decreases as the wind speed increases. The optimum exhaust temperature of the system and the optimum air temperature difference in the receiver, decrease as the solar beam irradiance decreases, while for increased wind speed, these temperatures increased slightly. These results can be used in the preliminary stages of design.
The authors specifically investigated the effects of wind and solar irradiance on the optimum performance of the system. The effects of other environmental conditions and constraints, on the maximum net power output, were also investigated. These included surrounding temperature, concentrator error, concentrator reflectivity and maximum allowable surface temperature of the receiver. Results show that a temperature decrease of the surroundings increase the maximum net power output. Increased wind and larger concentrator error decrease the maximum net power output. The lower the maximum allowable receiver surface temperature, the lower the maximum net power output of the system.
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